Objective: GH treatment (GHT) can lead to glucose metabolism impairment through decreased insulin sensitivity and impaired pancreatic β-cell function, which are the two key components of the pathogenesis of diabetes. Therefore, in addition to insulin sensitivity, during GHT it is very important to perform a reliable evaluation of insulin secretion. However, conflicting data exist regarding the insulin secretion in children during GHT. C-peptide provides a more reliable estimate of β-cell function than insulin, but few studies evaluated it during GHT. Our aim was to assess the usefulness of C-peptide in the evaluation of insulin secretion in GH deficiency (GHD) children. Design: In 48 GHD children, at baseline and after 12 and 24 months of GHT, and in 56 healthy subjects we evaluated fasting and glucagon-stimulated (AUC Cpep ) C-peptide levels in addition to other commonly used secretion indexes, such as fasting and oral glucose tolerance test-stimulated insulin levels (AUC INS ), Homa-β, and insulinogenic index. The main outcomes were the change in C-peptide during GHT and its correlation with the auxological and hormonal parameters. Conclusions: C-peptide, rather than the insulin-derived indexes, has proved to be the most useful marker of insulin secretion correlated to IGF-I levels in GHD children. Therefore, we suggest the use of glucagon test both as diagnostic test for the GH assessment and as a useful tool for the evaluation of insulin secretion during GHT in children.
Introduction
Growth hormone (GH) is known to play a significant metabolic role [1] . Untreated GH deficiency (GHD) in children, as well as in adults, is associated with abnormalities in body composition with increased visceral fat, dyslipidemia, increased peripheral inflammatory markers and cardiovascular risk [2] [3] [4] . In addition, GHD is often associated with impaired glucose metabolism and the increased prevalence of type 2 diabetes is likely due to the decreased insulin sensitivity and to the inadequate β-cell ability to counteract the insulin resistance [5, 6] . Moreover, GH has an insulin antagonist effect [7, 8] in addition to directly stimulate β-cell mass and insulin secretion [9] [10] [11] and these effects can induce important changes in glucose metabolism, leading to affect both insulin sensitivity and secretion [12] . In in vivo studies, a reduction in insulin sensitivity, mainly correlated with an increase in insulin levels, has been widely demonstrated in children during GH treatment (GHT) [13] . Patients who develop insulin resistance during GHT can represent a population at risk for diabetes and monitoring of glucose and insulin metabolism during GHT has been recommended [14, 15] . Given that both the decreased insulin sensitivity and the impaired β-cell function are two key components of the pathogenesis of type 2 diabetes, it is very important to perform a reliable evaluation of insulin secretion in subjects potentially at risk of glucose metabolism impairment, as in children during GHT. In addition, a mutual relationship between insulin secretion and GH/IGF-I axis is well established in healthy subjects, as well as in diabetic patients [16, 17] , so it is interesting to examine whether this relationship is maintained in GHD children during GHT.
Several parameters, both fasting and stimulated, have been used to evaluate the change in insulin secretion during GHT, but with discordant results. The evaluation of β-cell function based on fasting parameters has not always proved to be a reliable measure and the existing data about the effect of GHT on insulin secretion are controversial. Indeed, both an increase [18] and a decrease in insulin secretion, in terms of inadequate adaptation of insulin secretion when the insulin sensitivity deteriorates [19, 20] , have been demonstrated. We already showed in children during GHT a worsening of the oral disposition index, which declines before the glucose levels rise into the diabetic range [6] . Given these discrepancies, in our hypothesis a more accurate estimation of the effect of GH on β-cell function may come by analyzing the C-peptide secretion. It is known that C-peptide provides a more reliable estimate of β-cell function in healthy children and it better correlates with the gold standard hyperglycemic clamp than insulin levels [21] . However, very few studies have evaluated the C-peptide levels in children during GHT [18, 22] .
The aim of this study was to assess the reliability of both fasting and stimulated C-peptide in the evaluation of insulin secretion and its correlation with the auxological and hormonal parameters in GHD children during GHT.
Materials and methods
We prospectively evaluated 48 children (32 M, 16 F; mean age 9.8 ± 2.1 years; range 3.7-12.9) affected by isolated idiopathic GHD consecutively admitted to the Section of Endocrinology of the University of Palermo during the years 2012-2013. Fifty-six healthy subjects, matched for sex (39 M, 17 F), age (mean age 10.2 ± 1.3 years; range 5.1-12), stature and pubertal status, were recruited as a control group at baseline among children referred for short stature. In this group of children the screening for short stature did not reveal endocrine alterations and GHD was excluded by GH peak N 10 μg/l after two stimuli.
We excluded children affected by multiple pituitary hormone deficiency or receiving other hormonal replacement treatment. All children, even the older ones, were in the first or second stage of sexual development according to the criteria of Marshall and Tanner [23] to avoid any interference of puberty on the metabolic parameters analyzed, and they maintained the prepubertal hormonal status during the observation period (i.e. FSH and LH b1 mU/ml, total testosterone and 17β-Estradiol b0.50 ng/ml and b5 pg/ml in males and females, respectively).
The diagnosis of GHD was established by the clinical, auxological, radiological and biochemical criteria of the GH Research Society [24] . As auxological data we considered height and growth velocity 1 year before the diagnosis. Clinical and auxological criteria included height N 2 standard deviations (SD) below the mean and a growth velocity over 1 year N1 SD below the mean for age, or a decrease in height SD of N0.5 over 1 year or, without severe short stature, a growth velocity N 2 SD below the mean over 1 year or, finally, height N 1.5 SD below the midparental height.
As radiological criteria we considered a bone age delay, estimated from an x-ray of the left wrist and hand and evaluated according to methods of Greulich and Pyle, of at least 1 year with respect to the chronological age [25] . Biochemically GHD was demonstrated by the failure of GH to respond to two stimuli, with GH peaks below 10 μg/l. Neuroimaging, with magnetic resonance of the hypothalamic-pituitary region, was performed in GHD children with more severe GHD, i.e. with GH peak ≤3 μg/l (No. 23 children). Among them, 4 patients showed a pituitary hypoplasia and 3 a partial empty sella.
All patients enrolled were treated with GH for at least 24 months. The patients received GH once daily at bedtime with a pen injection system. Insulin-like growth factor (IGF)-I levels and the growth velocity have allowed us to determine the GH dose. Specifically, the main targets were arbitrarily IGF-I levels between 0.5 and 1.5 SDS and growth velocity N 0.5 SDS. The initial daily dose of GH was 0.025 mg/kg and it has been gradually increased by 0.002-0.003 mg/kg/day every 6 months (mean daily dose of 0.028 mg/kg from months 6 to 12; 0.031 mg/kg from months 12 to 18; 0.033 mg/kg from months 18 to 24).
Study protocol
In all children, at baseline, GH secretion was assessed by arginine and glucagon (GST) stimulation test, performed in two different days. During arginine test, blood samples were obtained at 0, 30, 60, 90, 120 min after the administration of the stimulus (arginine monohydrochloride: 0.5 g/kg up to 30 g. given intravenously over 30 min) for GH measurements. During GST, blood samples were collected at 0, 30, 60, 90, 120, 150, 180 and 240 min after the injection of 30 μg/kg (up to 1.000 μg) intramuscularly of glucagon (GlucaGen, NovoNordisk, Bagsvaerd, Denmark), for the measurements of both GH as diagnostic tool for the GHD [26, 27] and C-peptide concentrations as estimate of insulin secretion. The area under the curve (AUC) of C-peptide (AUC Cpep ) during GST was also calculated using the trapezoidal rule.
In a different day, a blood sample was drawn after an overnight fast for the measurement of Hemoglobin A1c (HbA1c), plasma glucose, insulin and IGF-I concentrations. This sample also served as the baseline sample for an oral glucose tolerance test (OGTT). Blood samples were collected every 30 min for 2 h for glucose and insulin measurements. AUC of glucose (AUC GLU ) and insulin (AUC INS ) during OGTT was calculated using the trapezoidal rule.
After the diagnosis of GHD was made, in GHD children in addition to the height, body mass index (BMI) and waist circumference (WC) measurements, we performed both OGTT and GST after 12 and 24 months of GHT. Height, BMI, WC and IGF-I were expressed as SD score (SDS) due to the wide age range of patients.
The estimation of the basal insulin secretion included fasting insulin levels and the homeostasis model assessment for β-cell function (Homa-β) index [28] . The early insulin-secretion rate was evaluated using the insulinogenic index [29] , while the stimulated total insulin secretion was evaluated by AUC INS. In addition, an estimate of the endogenous insulin secretion was obtained from C-peptide and AUC Cpep. As surrogate estimates of insulin sensitivity we considered the homeostasis model assessment estimate of insulin resistance (Homa-IR) [28] , the quantitative insulin sensitivity check index (QUICKI) [30] and the insulin sensitivity index (ISI), a composite index derived from the OGTT and validated by Matsuda and DeFronzo [31] . In the control subjects, these evaluations were performed only at baseline.
The institutional Ethics Committee of the University of Palermo approved this study. At the time of hospitalization, an informed consent for the scientific use of the data was obtained from both the participants and their parents.
Hormone and biochemical assays
All biochemical data were collected after overnight fasting. Glucose and HbA1c were measured in the centralized accredited laboratories with standard methods. Serum insulin was measured by ELISA (DRG Instruments GmbH, Germany). The sensitivity of the method was 1 IU/ml. The normal insulin range (IU/ml) was 5-19. Serum GH levels were measured by immunoradiometric assay using commercially available kits (Radim, Italy). The sensitivity of the assay was 0.04 µg/l. The intra and inter-assay coefficients of variation (CV) were 2.5-3.9 and 3.8-5.0%, respectively. We reported GH concentrations in μg/l of IS 98/574. Serum total IGF-I was assayed in the same laboratory with the ELISA method (OCTEIA IGF-I kit, IDS Inc., Fountain Hills, AZ, USA). The sensitivity of the method was 1.9 μg/l. The inter-and intra-assay CV values were 7-7.1 and 2.3-3.5% respectively, at IGF-I levels of 90.7-186 and 66.7-120.9 μg/l respectively. The normal ranges (males and females combined) of total IGF-I levels (μg/l) were: 12-108 (0-1 years); 13-100 (1-3 years); 26-280 (3-6 years); 85-230 (6-9 years); 98-404 (9-12 years); 142-525 (12-15 years); 146-415 (15-20 years). Values were expressed as SDS according to the normative data provided by the manufacturer. Serum C-peptide was measured by electrochemiluminescence immunoassay method (Roche Diagnostics Deutschland GmbH). The sensitivity of the method was 0.01 ng/ml. The normal range (ng/ml) was 0.010-40.0.
Statistical analysis
The Statistical Packages for Social Sciences SPSS version 17 was used for data analysis. Baseline characteristics were presented as mean ± SD or as median values ± interquartile range (IR) for continuous variables, when appropriate. Normality of distribution for the quantitative variables was assessed with the Kolmogorov-Smirnov test. The differences between groups were evaluated with the t-test if with normal distribution or with Mann-Whitney test (non-parametric test) if without normal distribution. All differences in auxological and metabolic parameters and all correlations among variables were corrected for age and pubertal status through a logistic regression model. The Pearson's correlation was performed among continuous variables with normal distribution, while the correlations among continuous variables without normal distribution were determined by using the Spearman's test (non-parametric equivalent for Pearson test). To evaluate the independent variables influencing C-peptide levels, a linear regression model was performed. A p value b0.05 was considered statistically significant.
Results
The clinical and biochemical features of control subjects, GHD children at diagnosis and after 12 and 24 months of GHT are shown in Table 1 and Table 2 .
Clinical and hormonal parameters
No significant difference in height, BMI and WC between GHD children at baseline and control subjects was found (Table 1) . Conversely, as expected, GHD children at baseline showed significantly lower growth velocity SD (−2.5 ± 0.6 vs. −1.7 ± 0.6; p b 0.001), IGF-I SDS (− 1.55 ± 0.76 vs. 0.74 ± 0.39; p b 0.001), GH peak after arginine (3.7 ± 2.7 vs. 11.8 ± 5.6 μg/l; p b 0.001) and GST (5.8 ± 4.9 vs. 16.5 ± 8.7 μg/l; p b 0.001) than controls.
In the GHD group, the growth significantly increased after 12 months of GHT (height SDS: −1.8 ± 0.6 vs. −2.2 ± 0.9; p b 0.001; growth velocity SD: 1.6 ± 0.8 vs. (Table 2) .
Glucose metabolism and insulin sensitivity indexes
All GHD children at baseline showed a normal glucose tolerance with normal fasting glucose (4.2 ± 0.6 mmol/l), insulin [2.8 (0.2-8.7) IU/ml] and HbA1c (5.2 ± 0.3%) levels, without significant difference of these parameters compared to the control subjects. Similarly, no difference was found in AUC GLU , Homa-IR, QUICKI and ISI Matsuda between GHD children at baseline and control subjects (Table 1) .
After 12 months of GHT, despite all children remained with a normal glucose tolerance, a significant increase in fasting glucose (4.6 ± 0.5 vs. 1-30.9 ) vs. 14.5 (2.0-34.7); p b 0.001] was found, without significant change in AUC GLU and Hba1c levels. These trends were maintained after 24 months of treatment, although not statistically significant (Table 2 ).
Insulin secretion indexes
At baseline, no significant difference was found in Homa-β, insulinogenic index and AUC INS between GHD children and control subjects, while GHD children showed significant lower AUC Cpep during GST (436 ± 231 vs. 537 ± 225 ng/ml; p = 0.006) and lower fasting C-peptide, although non statistically significant (Table 1) (Table 3) . At multivariate analysis, both fasting C-peptide (beta 0.307, p = 0.016) and AUC Cpep (beta 0.379, p = 0.002) independently correlated with IGF-I SDS, while no significant correlation was found for all other insulin secretion indexes (Table 4 ; Fig. 1A and B). After 12 months of therapy a significant increase in Homa-β [28.8 (1.6-76.6) vs. 9.7 (2.5-49.1); p b 0.001], fasting C-peptide (1.7 ± 0.6 vs. 1.3 ± 0.6 ng/ml; p = 0.002) and AUC Cpep during GST (521 ± 211 vs. 436 ± 231 ng/ml; p b 0.001) was found, without significant change in insulinogenic index and AUC INS. These trends were maintained after 24 months of treatment, although not statistically significant (Table 2) . Table 3) . At multivariate analysis, both fasting C-peptide (beta 0.783, p = 0.001) and AUC Cpep (beta 0.880, p b 0.001) independently correlated with IGF-I SDS, while no significant correlation was found for the other insulin secretion indexes (Table 4 ; Fig. 1C and D) .). These data have not been confirmed at 24 months of treatment (data not shown).
As additional analysis, we grouped all GHD children according to gender and family history of diabetes and we did not found any difference in all metabolic parameters between males and females and between children with or without family history of diabetes (data not shown).
Discussion
The mutual relationship between insulin-secretion and GH/IGF-I axis is well known in healthy subjects, as well as in diabetic patients [16, 17] . Given the insulin antagonist action of GH, in addition to the direct stimulatory effect on β-cell, GHT can lead to glucose metabolism impairment through decreased insulin sensitivity and impaired pancreatic β-cell function [12] . Therefore, a reliable evaluation of the insulin secretion in GHD children during GHT is very important. In this prospective study we demonstrated the greater reliability of C-peptide than insulin levels as an estimate of insulin secretion in children with GHD, both at baseline and during the first 12 months of GHT. Indeed, we showed the limitation of the insulin-derived indexes of insulin secretion because of their lack of correlation with the parameters used in the clinical practice to monitor GHT. The effect of GHT on glucose metabolism is predominantly insulin antagonistic. A marked hyperinsulinemia and a resistance to the action of insulin, as demonstrated by euglycemic clamp studies in healthy subjects, have been demonstrated [7, 32] . We already demonstrated an increase in HOMA-IR, related to the increased insulin levels and without any untoward effect on glucose metabolism, in a small group of GHD children after GHT [33] . A subtle form of insulin resistance, defined as a diminished biological response to a given insulin concentration, can be assumed as the mechanism by which basal glucose turnover did not change after GHT despite the increase in insulin levels. Indeed, if the sensitivity to insulin was maintained, a reduction in glucose levels should occur. We showed a significant increase in fasting glucose levels despite the concomitant increase in insulin during GHT, suggesting the inability of the β-cells to adequately compensate the insulin resistance state. However, in this study, only fasting glucose showed a significant increase, although it remained within the limits of normality, while no significant change was found in AUC GLU and HbA1c levels, and these data could explain the maintenance of normal glucose tolerance during GHT. Similarly, in adult GHD patients GHT seems to result in a significant increase in both insulin and C-peptide levels, but insufficient to match the change in insulin sensitivity, as demonstrated by the trend to increase in stimulated glucose levels [19, 34] . We already demonstrated in GHD children after GHT a decrease in insulin sensitivity, evaluated using the gold standard euglycemic hyperinsulinemic clamp method, and a concomitant inadequate β-cell compensation to the decreased insulin sensitivity [6] , but a limit of these evaluations was the use of insulin secretion indexes derived from insulin levels [35] [36] [37] .
It is well known that β-cell function cannot be accurately estimated on the basis of the endogenous insulin levels because of the pulsatile release pattern and the short half-life and a more accurate estimation could be provided by C-peptide, a byproduct of insulin production with a half-life of 30 min. Since insulin and C-peptide are cosecreted by β-cells on an equimolar basis, the stimulated secretion of C-peptide is widely accepted as a measure of β-cell function [38] [39] [40] . Some authors have also demonstrated a stronger correlation among OGTT and the gold standard insulin secretion method (hyperglycemic clamp) for C-peptide than for insulin, probably related to the difference in C-peptide kinetics and insulin clearance [41, 42] . For these reasons, the use of the insulin concentration as an index of insulin secretion during GHT might be misleading, although very few studies evaluated the Cpeptide levels in GHD children. Using the hyperglycemic clamp Heptulla et al. have demonstrated a significant increase in both the first and second phase insulin and C-peptide response in short children after GHT [18] . In our study, the consistent elevation in plasma insulin (and consequently in Homa-β index) and C-peptide levels in the fasting state and their responses to the stimulation by OGTT or glucagon indicates that insulin synthesis and secretion were increased by GHT, which may be due to the insulin sensitivity reduction, as demonstrated by the increase in Homa-IR and the decrease in QUICKI and ISI Matsuda, as well as to the direct insulinotropic effect of GH on the β-cells. Indeed, in vitro studies of rat pancreatic cells have demonstrated that GH directly acts on β-cells to stimulate both expression of the insulin gene and DNA synthesis and cell replication independently of the plasma glucose concentration [9, 10] . Our findings are supported by the data of Walker et al. who has shown a consistent increase both in insulin and C-peptide concentrations in prepubertal children after 12 months of GHT. However, these authors did not evaluate any correlation among clinical, hormonal and metabolic parameters [22] .
In the current study we found that, among all indexes of insulin secretion evaluated, only C-peptide levels, especially those stimulated after GST, correlate with IGF-I both after 12 months of GHT and also at baseline. Indeed, in untreated GHD with lower IGF-I concentrations we found lower C-peptide levels compared with control subjects, whereas insulin levels and the other indexes of insulin secretion were similar. A decrease in hepatic clearance of insulin during GHT can be hypothesized in determining a greater peripheral hyperinsulinemia. Therefore, measuring C-peptide may override problems associated with the difference in insulin clearance and its effect on circulating insulin levels and it may be more informative than insulin levels in the evaluation of the insulin secretion [21] . In addition, the strong correlation between C-peptide and IGF-I levels leads us to consider C-peptide a very reliable marker during GHT. These findings strongly support that insulin secretion is a major co-regulator of IGF-I levels also in GHD children and they are consistent with other studies that have reported a correlation between C-peptide and IGF-I levels [16, 17] .
A limit of this study is represented by the lack of data of the control group during the follow-up, mainly due to ethical reasons in submitting these healthy children to GST once a year. Indeed, we cannot rule out with certainty that these results are due to some other factor, in addition to the GHT. Even if all children were prepubertal, a minimal role played by the change of gonadal hormones during the follow-up cannot be ruled out, although nobody changed its pubertal stage at visual inspection, no difference was found between males and females and although the statistical differences in auxological and metabolic parameters were corrected for age and pubertal status.
In conclusion, a relationship between insulin-secretion and IGF-I levels is documented in GHD children both at baseline and during GHT and C-peptide has proven to be the most reliable indicator of insulin secretion correlated to IGF-I levels. Therefore, we suggest the use of GST not only as a diagnostic test for the GH assessment at baseline but also as a useful tool, instead of OGTT, for the evaluation of insulin secretion during GHT in children, at least during the first year, to simplify the test in clinical practice and to reduce costs and resources. Additional larger case-control studies with longer follow-up will validate these results.
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